Fossils inside rock have been clearly visualized utilizing an X-ray interferometer. Two types of clear images are obtained, one involves phase contrast in interference beams and the other involving refraction contrast in forward-diffracted beams. 2D monochromatic synchrotron X-ray radiation with a beam size of 10 mm × 10 mm and a photon energy of 35 keV was used. Using a stereographic pair of X-ray images, the locations of fossils inside rock can easily be determined with a precision of 0.5 mm. This method can be a powerful nondestructive tool in the fields of paleontology and paleobiology to discover and locate fossils and trace fossils inside rock.
Introduction
Research on fossil samples is usually carried out on fossils that have been exposed. Their parent rocks, which are believed to contain the skeletal material of potential fossils, are first dissected down to a reasonable and workable size. This is labor intensive, and is actually a destructive process that has the potential to damage the fossils; if it were not destructive complete fossils would be available. As a result, for a long time there has been a desire to develop a nondestructive method 1) to examine fossils on a target. Preliminary knowledge about the existence of fossils as well as their approximate 3D distribution, location and position would be beneficial to the nondestructive discovery of fossils.
In paleontology, X-rays have previously only been used to image fossils, 2) but not for finding fossils inside rock. A fossil in rock may not provide any clear absorption-based contrast, because there is no significant change in the absorption coefficient between rock and fossils, no matter what form the fossils take, being either female or male in form. Recently, a variety of X-ray contrasts have been developed: one by Wilkins et al., 3) which uses an extremely small-sized X-ray source, one by Thomlinson et al. 4) which uses an analyzer crystal to suppress unwanted deflected beams, and another by Mori et al. 5) which uses an extremely parallel monochromatic synchrotron X-ray radiation which is produced by asymmetric diffraction. 6) In order to discover fossils by the X-ray technique nondestructively we have attempted the X-ray visualization of fossils inside rock using X-ray interferometery, which was devised by Bonse and Hart in 1965. 7) This contrast was first applied to biology and mineralogy by Ando and Hosoya 8) in 1972 and later to medicine by Momose and coworkers 9, 10) in the late 1990s. In general the complex refractive index can be expressed as n(i) = 1 − δ(i) − iβ(i)(i = x, y, z), where δ(i) and β(i) denote its real and imaginary parts at coordinate i, respectively (see details, for example, in ref. 10 . It is thus capable of visualizing a phase object, based on X-ray phase trance of the experimental hutch, 30 meters from the source, was 14 mm (V) and 2.5 mm (H), respectively. The horizontal beam size was expanded by an asymmetrically cut monochromator. Since the asymmetry factor 6) b is defined as b = sin(θ − α)/ sin(θ + α), the beam size expansion ratio is given by 1/b = 31.99 when the Bragg angle (θ ) is 10.6
• for 4,4,0 diffraction and the angle (α) between the crystal surface and the Bragg planes is 10.0
• . The angular divergence of the outgoing beam from this monochromator is 0.06 arcsec due to √ b whilst that of the incident beam is 1.94 arcsec. Let us define beams from S, M and A: o should be the straight forward directed beam, while h the diffracted one. At each S, M or A, either o or h takes place so that any beam reaching a photographic plate consists of a combinashift due to δ(i) occuring in the z propagation direction of the beam in matter. Additionally, this instrument can angularly resolve dδ(i)/dx, vertical to the z direction in the incidence plane (x, z) so that this can provide angle-resolved imaging. Since these images are formed by a different contrast mechnism and viewed from different angles, this method will be useful to survey fossils inside rock before the rock's dissection.
Experimental
The experiment was performed at the experimental station BL14B of the Photon Factory, KEK, where the vertically polarized synchrotron X-ray radiation from the 5 T superconducting wiggler is available. The Si X-ray interferometer used in this experiment is composed of a splitter S, a mirror M and an analyzer A, as shown in Fig. 1 , each of which has dimensions of 38 mm (width) × 10 mm (height) × 1 mm (thickness). Its 4,4,0 diffraction was used to accommodate a sample with dimensions of 10 mm (width) × 10 mm (height) × 5 mm (thickness) at the X-ray energy 35 keV. After this thickness, 30% of incident X-rays can remain because the linear absorption coefficient of the rock is 2.3 cm −1 according to our measurement.
The vertical (V) and horizontal (H) beam size at the ention of three beams from S, M and A. Under this definition, o-h-h+h-h-o or h-h-h+o-h-o should correspond to interfering beams, whereh denotes the beam diffracted by the opposite side of the Bragg planes for the h diffraction. The intensity determined from the forward-diffracted beam and the interfering beams was 2 × 10 6 photons/s/mm 2 and 7.5 × 10 5 photons/s/mm 2 at a stored current of 400 mA, respectively. The exposure time was on the order of 2 min for a Polaroid film, and 6 min for a mammography film. Their spatial resolution is 25 µm and 2 µm, respectively.
First, in order to confirm the capability of surveying fossils inside rock by the present method, amber 11) from the Dominican Republic and a trilobite [12] [13] [14] from Utah were examined. Almost no contrast was observed in an absorption X-ray image that was taken by the monochromatic beam from the asymmetrically cut monochromator. In both interfered beams, o-h-h + h-h-o and h-h-h + o-h-o, and angle-resolved beams, o-o-o and o-o-h, a trilobite on the rock surface is clearly visible. The image corresponding to o-o-h is shown in Fig. 2(a) as evidence. In order to simulate a procedure to discover fossils in rock, the rock's surface was covered by china clay to a thickness of 1 mm so that the trilobite became invisible to the naked eye. In this case, two interfered beams, o-h-h + h-h-o and h-h-h + o-h-o, clearly reveal the existence of this fossil, as Fig. 2(b) , corresponding to o-h-h + h-h-o, shows, while the two angle-resolved beams, o-o-o and o-o-h, show much less contrast. Loss and/or additional contrast in Fig. 2(b) compared to Fig. 2(a) is the result of phase deterioration due to the additional beam path in and on the surface of the newly added clay.
As further evidence of this method, beetles embedded in amber 11) with dimensions of 5 mm × 12 mm × 3 mm were used. In the image of Fig. 3(a) , which was taken with o-h-h + h-h-o, two beetles are clearly visible due to phase contrast together with equally-thick fringes which result from The structure of fossils inside rock reviewed by X-ray interferometry such as internal organs seems dependent on each species and its fossil condition. One example is of insects in amber which retain almost complete internal organs, as if they were still alive. The internal organs of all other male fossils have been replaced by elements of rock. The method proposed here may provide a way to study the structure of internal organs without dissection of the rock.
Conclusions
X-ray interferometry has been successfully applied to the visual imaging of fossils inside rock using 2D monochromatic X-rays with the photon energy of 35 keV. Four of the six beams involved contain two kinds of useful images, interference and refraction. Interference images are due to the phase shift of propagating X-rays in matter and angleresolved images are due to dδ(i)/dx. Both have been exposed on a single film in a single shot. In the case of the angle-resolved image, the horizontal angular resolution by A of the X-ray interferometer was on the order of 3 × 10 −7 .
the outer oval curvature of the amber. Figure 3 (b) corresponds to beam o-o-o.
Discussion
As shown in Fig. 1 , there are six beams used in the X-ray interferometer. They are recorded simultaneously on a film in one exposure. Four of the six beams can participate in image formation, two of which are interference images and the other two, angle-resolved ones. It is very efficient to be able to take four X-ray pictures with a single shot.
This method will be of great help to locate fossils prior to dissecting rocks, covering all kinds of forms, female and male, from amber to fossilized traces, 15) such as tracks, trails,
